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AN AGEING WORLD 

 

With improving health, our life expectancy is longer than ever before and it is predicted 
to further increase in the future (Lutz et al., 2008). Together with a world population 
continuing to grow, albeit at a slower pace than at any time since 1950, this leads to 
ageing of the world population. In 2018, for the first time in history, the population of 
older adults aged 65 years or older outnumbered children under the age of five (United 
Nations, 2019). Predictions from the United Nations indicate that by 2050 there will be 
more than twice as many persons above 65 years of age as children under the age of 
five (Figure 1). By 2050, the population aged 65 years or older globally (1.5 billion) will 
surpass the number of adolescents and youth aged 5 to 24 years (1.3 billion). By 2050 
every fourth person in Europe could be aged 65 years or older, which will pose a 
significant challenge for health care, long term care and welfare systems (Lutz et al., 
2008; Rechel et al., 2013; United Nations, 2019). 

 

Figure 1: Estimated and projected world population by age group. Persons aged 65 
years or older make up the fastest-growing age group. Data source: United Nations, 
Department of Economic and Social Affairs, Population Division (2019), 
https://population.un.org/wpp/Download/Standard/CSV/, (United Nations, 2019) 
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FALLS AND THEIR CONSEQUENCES 

 

One major problem that people face with ageing is age-related physical decline, 
among which muscle mass and strength decline (sarcopenia, dynapenia) and balance 
problems (Gadelha et al., 2018; Larsson et al., 2019; Sturnieks et al., 2008). 
Approximately one third of people aged 65 years and older fall each year. The 
frequency of falls increases with age and frailty level (Inouye et al., 2009; Rubenstein, 
2006; Stevens et al., 2006). Older people who are living in nursing homes are more 
likely to fall than those who are living in the community, with approximately 30-50% 
falling each year (Rubenstein, 1994). A fall is defined as an event which results in a 
person coming to rest inadvertently on the ground or floor or other lower level (Lamb 
et al., 2005). 

Falls and consequent injuries are major public health problems that often require 
medical attention. The major underlying causes for fall-related hospital admission are 
hip fractures, traumatic brain injuries and upper limb injuries. In 2019, 109.000 older 
adults (65+) in the Netherlands suffered a severe injury associated with a fall and were 
treated in emergency departments or were admitted to hospitals (VeiligheidNL, 2019). 
In addition to physical injuries, falls may also result in a post-fall syndrome that 
includes dependence, loss of autonomy, confusion, immobilization and depression, 
which will lead to a restriction in daily activities (Murphy and Isaacs, 1982). Such a 
decrease in physical activity accelerates muscle strength to deteriorate and 
consequently increases fall risk (Li et al., 2003). Falls account for 40% of all injury-
related deaths (Rubenstein, 2006). Rates vary depending on the country and the 
population studied. In 2019, 4720 older adults in the Netherlands died from a fall, which 
accounts for 13 deadly falls per day on average (VeiligheidNL, 2019).  

The economic impact of falls is critical to individuals, family, community, and society. 
Healthcare impacts and costs of falls are immense (€1.09 billion in the Netherlands in 
2019). Between 2010 to 2019 the number of emergency cases raised by 11% for older 
adults aged 65 years and older and by 19% for people aged over 85 years. It has been 
predicted that the number of emergency cases will further increase (VeiligheidNL, 
2019). With that, not only health care costs will rise (direct costs, i.e. consultations in 
treatment and rehabilitation), but also productivity loss, because individuals or family 
caregivers have to give up activities and work time (indirect costs, i.e. lost income) 
(Burns et al., 2016). 

Preventing falls is therefore timely and urgent for individuals and the ageing society.  
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Figure 2: Falls and their consequences 
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COMMON CAUSES OF FALLS AMONG OLDER ADULTS 

 

Among a variety of factors that increase fall risk among older adults, age is one of the 
key factors (Deandrea et al., 2010; Kwan et al., 2016). Older people have the highest 
risk of death or serious injury arising from a fall and the risk increases with age. This 
risk level may be in part due to physical, sensory, and cognitive changes associated 
with ageing, in combination with environments that are not adapted to an ageing 
population (van Dieën et al., 2005; Jaap H van Dieën and Pijnappels, 2017). 

Risk factors for falls can generally be classified into three categories (Institute of 
Medicine, 1992): (1) Intrinsic factors including gender, medication, chronic diseases, 
impaired mobility and gait, sedentary behaviour, fear of falling, and cognition; (2) 
Extrinsic factors containing environmental hazards (poor lighting, slippery floors, 
uneven surfaces), inappropriate footwear, walking aids, and assistive devices; (3) 
Exposure to risk in active older adults like risky environmental conditions (degraded 
pavements or nature hiking paths), acute fatigue and misjudgment of physical abilities. 

It has been consistently reported that walking is the most common activity preceding 
a fall among older adults (Robinovitch et al., 2013; Y. Yang et al., 2018). Most falls 
occur due to mechanical disturbances during walking like slipping or tripping on a flat 
surface, followed by falls over burps, stairs or falls associated with transfers (i.e. 
getting out of bed, rising from a chair) (Berg et al., 1997; Robinovitch et al., 2013).  

 

 

BALANCE CONTROL AND AGE-RELATED IMPAIRMENTS 

 

To maintain balance, several systems in our body are constantly active to keep us 
stable in various situations: the sensory system, central nervous system and motor 
system.  

When slipping on a wet floor, the proprioceptive system detects the shift from the 
expected limb and joint position of the sliding foot. The vestibular system detects 
changes in head orientation and acceleration whereas the visual system detects the 
deviation from normal movement of the visual surrounding resulting from sudden head 
movements. All three systems send signals to the central nervous system that 
interprets and weights the information to produce an adequate response by the motor 
system to recover balance, e.g. stepping reaction (MacKinnon, 2018; Sousa et al., 
2012). If one or more of these systems fail due to impairment or age-related decline 
then our ability to accurately detect instability and stabilize our body in challenging 
situations may not be sufficient and the risk for falls rises (Lord et al., 2018; 
MacKinnon, 2018; Paraskevoudi et al., 2018; Sousa et al., 2012).  
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The proprioceptive system incorporates the sensory information of the lower limb 
position relative to other body parts, which is reduced in older adults (Shaffer and 
Harrison, 2007; Jaap H. van Dieën and Pijnappels, 2017). A decrease in muscle 
spindle activity, the sensitivity of the skin and joint receptors as well as the common 
occurrence of peripheral neuropathy increase risk of falls (Lipsitz et al., 2018; Lord et 
al., 1999, 1994a, 1994b; Shaffer and Harrison, 2007). Corrective reflexes to stabilize 
the head are decreased as a result of a decline in vestibular function and are 
associated with increased risk of falls (Larsson et al., 2015; Liston et al., 2014; 
Sturnieks et al., 2008; Jaap H. van Dieën and Pijnappels, 2017). Finally, impairment 
of visual functions, such as visual acuity and depth perception, is associated with an 
increased risk of falls (Black and Wood, 2005; Lord et al., 1994a; Salonen and Kivelä, 
2012). 

Next, complex sensorimotor interaction is necessary to accomplish postural control. 
The central nervous system (CNS) integrates and weights all afferent input to program 
anticipatory muscular activation (when the environment is predictable) or reactive 
muscle activity when unforeseen perturbations have to be counteracted (MacKinnon, 
2018; Sousa et al., 2012; Taube and Gollhofer, 2013). If one of these central nervous 
functions is disturbed, e.g. due to ageing, postural control is impaired (Mynark and 
Koceja, 2001; Shaffer and Harrison, 2007). Exercise-induced plasticity of the 
sensorimotor system has been shown to be present in older adults (Rogge et al., 
2018). Therefore, task-specific balance training interventions are relevant to initiate 
neurophysiological adaptations to improve postural control in older adults (Taube et 
al., 2008). 

Finally, after sensory input has been processed, a motor command is sent to the 
effector (motor) system. The muscular, tendinous and neural function of the effector 
system also declines with age (Macaluso and De Vito, 2004; Narici et al., 2005). Age-
related loss of skeletal muscle mass (sarcopenia) and aged tendinous tissue may 
contribute to low force generation and slower reactions (Mitchell et al., 2012; Seene 
and Kaasik, 2012). Tendon stiffness is lower in older compared to young adults (Narici 
et al., 2005). Consequently, tendons are less capable to transmit fast forces from 
muscles to bones, which hinders effectively reacting to balance loss and avoid a fall. 
Lower muscle strength (dynapenia) in older adults can also be related to changes in 
neural drive (Narici et al., 2005), reducing activation of the agonist muscle and 
increasing activation of the antagonist muscle, leading to co-activation. Co-activation 
my increase joint stability, but has been suggested as a possible mechanism of low 
muscle force with ageing (Klein et al., 2001; Macaluso et al., 2002). Co-activation and 
low muscle strength may reduce the ability to react adequately to (unexpected) 
balance loss and is associated with an increased risk of falls (Moreland et al., 2004; 
Pijnappels et al., 2008b). 

Innovative training programs for the prevention of falls are needed that target age-
related balance and gait impairments.  
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PERTURBATION-BASED GAIT TRAINING FOR PREVENTION OF FALLS 

 

Fall prevention training programmes address the abovementioned age-related 
physical decline and aim to reduce the number of people who fall, the rate of falls and 
the impact should a fall occur. Several large studies have revealed that fall risk among 
older adults can be reduced by exercise interventions (Gillespie et al., 2012; Lurie et 
al., 2013; McCrum et al., 2017; Pai et al., 2014a; Sherrington et al., 2019, 2011, 2008). 
Conventional training programs focus on different components, such as improvement 
of muscle strength, balance, mobility and self-efficacy. Increased awareness of risk 
factors, improved functioning in activities of daily living (e.g. safe obstacle negotiation) 
and reduced fear of falling are further goals (Kumar et al., 2016; Sherrington and 
Tiedemann, 2015; VeiligheidNL, 2017, 2015, 2014). These interventions have been 
shown to be effective in the prevention of falls, but require a relatively long and 
intensive training period and the positive effects are hard to maintain (de Vreede et 
al., 2005; Faber et al., 2006; Weerdesteyn et al., 2006).  

As mentioned before, most falls are due to mechanical perturbations during walking, 
such as trips or slips (Berg et al., 1997; Robinovitch et al., 2013). To avoid such falls, 
adequate reactive balance control is required (Krasovsky et al., 2014). Conventional 
training programs typically lack the training of reactive balance control and balance 
recovery responses after such perturbations. Perturbation-based gait training is 
receiving increasing interest in fall prevention as it is a novel and promising approach 
to fill the gap of reactive balance training (Mansfield et al., 2015) that has been shown 
to be very effective and reduce falls by 50% (Pai et al., 2014a). It can be performed 
on an overground walkway with loose and pop-up tiles to disturb the gait or with a 
treadmill perturbing the gait by quick accelerations and decelerations of the belt. Gait 
training on a treadmill that can create sufficiently impactful perturbations does not 
require a lot of space compared to an overground walkway. Timing of the perturbation 
can be adjusted to any event during the gait cycle and is not dependent on correct 
stepping on moveable tiles. Treadmill walking speed is controlled by software and 
does not require the participant to adapt to a metronome or a speed indicator while 
walking over a walkway. On a treadmill, perturbation trials with different parameters 
(e.g. type, magnitude, perturbed leg) can be programmed and don’t require manual 
changes of the walkway (e.g. switching tiles) between trials, which allows performing 
more trials in the same amount of time. Various dual-task exercises can be added to 
treadmill gait training (e.g. presented on a monitor in front of the participant), which 
make perturbations less predictable and enhance automatization of the balance 
recovery response. 

Perturbation-based gait training challenges anticipatory as well as reactive balance 
control. Anticipatory adjustments of posture and stepping behaviour might increase 
safety to overcome risky situations, e.g. changing to small steps with a low center of 
mass position when walking over slippery floors, uneven surfaces or stairs. In case a 
slip or trip does occur, one also needs to react adequately to recover balance. Learning 
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how to recover from a perturbation in daily life by exercising near-fall situations 
appears to improve motor responses and its task-specificity may lead to strong 
learning effects after short exposure (Bachman, 1961; McCrum et al., 2017; Rieger et 
al., 2020a). Indeed, adaptions in reactive control and stability were found after a single 
session of perturbation training (Bhatt et al., 2012; Pai et al., 2014b; Rieger et al., 
2020a). Perturbations in daily life are manifold, therefore it has been suggested that it 
may be more effective to train the mechanisms of stability recovery, rather than focus 
on specific perturbations (Arampatzis et al., 2011; Bierbaum et al., 2013). Such 
training, exercising multidirectional stepping and counter-rotating mechanisms to 
maintain balance, has been reported to improve stability recovery following lab-based 
perturbations (Aragão et al., 2011; Arampatzis et al., 2011; Bierbaum et al., 2013). 
Experiencing near-fall situations in a safe environment could facilitate the reactive 
control of balance and may have potential for fall prevention (Bohm et al., 2015). It 
remains however unclear whether and how such task-specific training transfers to 
other tasks or contexts (e.g. transfer between different perturbation directions or daily-
life gait performance), and can be best implemented in clinical practice to prevent falls 
in daily life situations.  

 

 

AIMS AND OUTLINE OF THIS DISSERTATION 

 

The overall aim of my thesis was to investigate the requirements and evaluate the 
implementation of a perturbation-based treadmill training in clinical practice. To do so, 
a set of studies were conducted to evaluate the applicability of a perturbation based 
gait training on a treadmill and to investigate the effects of such intervention with 
clinical and daily-life assessments as well as daily-life falls. The focus of my thesis is 
on older adults at risk of falling. Figure 3 provides a schematic overview of the chapters 
introduced below. 

In the first study, described in chapter 2, we investigated whether the effects of a 
single session gait training with treadmill perturbations in anterior-posterior direction 
transfers to reactive recovery after mediolateral treadmill perturbations, and assessed 
whether these effects are retained. Given previously reported positive effects of 
perturbation training on daily-life fall incidence, we hypothesized that training with 
anterior-posterior gait perturbations improves reactive balance in older adults, that 
effects transfer to mediolateral gait stability and are retained over one week. 

In chapter 3, we describe our protocol for a randomized controlled trial to evaluate a 
4-week gait training with unexpected treadmill perturbations in the anterior-posterior 
direction by the effects on clinically assessed balance and gait performance, self-
efficacy and daily-life falls. This is the first trial of its kind that also included measures 
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of physical activity and gait quality, assessed with daily-life accelerometry, that are 
predictive for falls. 

In chapter 4, the results of the abovementioned randomized controlled trial are 
presented. Effects on clinically assessed balance and gait performance, and the 
transfer to physical activity, gait quality and falls incidence in daily life were assessed. 
We hypothesized that improvements in balance and gait performance increase 
physical activity and lead to improved gait quality in daily life and a decreased number 
of falls. 

Measuring how successful one recovers from treadmill perturbations requires 
advanced laboratory equipment to quantify the recovery performance, which is not 
available in clinical practice. For successful clinical application of a perturbation-based 
gait training, quantification of the recovery performance is key to monitor a participant’s 
improvement and to appropriately adjust training difficulty. Chapter 5 focusses on this 
issue and the development of a measurement tool to quantify balance recovery 
performance based on the center of pressure data obtained from a single force plate 
integrated into the treadmill. 

Finally, the findings of this dissertation are summarized and discussed in chapter 6, 
with reflections on the applicability of perturbation-based gait training in clinical 
practice. Remaining gaps research knowledge are identified and clinical implications 
are considered. I conclude with recommendations for future research. 

Figure 3: Outline of the dissertation with reference to the chapters 


